A continuous dosing schedule of aerosolized ribavirin has been used for respiratory syncytial virus (RSV) upper respiratory tract infection and lower respiratory tract infection (LRTI) but is associated with high cost and inconvenient administration. We conducted an adaptive randomized trial to evaluate the effectiveness of an intermittent dosing schedule of ribavirin versus that of a continuous dosing schedule of ribavirin in preventing RSV LRTIs in 50 hematopoietic stem cell transplant recipients or patients with hematologic malignancies. LRTI occurred in 3 patients (9%) receiving the intermittent schedule and in 4 (22%) receiving the continuous schedule, with a 0.889 posterior probability. Because the intermittent schedule is easy to administer and has a higher efficacy than the continuous schedule, we recommend the intermittent schedule for patients who are at risk for RSV LRTI.
A continuous dosing schedule of aerosolized ribavirin has been used for respiratory syncytial virus (RSV) upper respiratory tract infection and lower respiratory tract infection (LRTI) but is associated with high cost and inconvenient administration. We conducted an adaptive randomized trial to evaluate the effectiveness of an intermittent dosing schedule of ribavirin versus that of a continuous dosing schedule of ribavirin in preventing RSV LRTIs in 50 hematopoietic stem cell transplant recipients or patients with hematologic malignancies. LRTI occurred in 3 patients (9%) receiving the intermittent schedule and in 4 (22%) receiving the continuous schedule, with a 0.889 posterior probability. Because the intermittent schedule is easy to administer and has a higher efficacy than the continuous schedule, we recommend the intermittent schedule for patients who are at risk for RSV LRTI.
Clinical Trials Registration. NCT00500578.
Respiratory syncytial virus (RSV) infection in patients with
cancer may progress to lower respiratory tract infection (LRTI), with subsequent high mortality rates [1] [2] [3] . In our recent systematic review on management of RSV infections in adult hematopoietic stem cell transplant (HSCT) recipients, ribavirin use (with and without immunomodulators) was associated with a significant decrease in the incidence of RSV LRTI and mortality [3] . Ribavirin-based therapy initiated at the upper respiratory tract infection (URTI) stage seems to benefit patients with leukemia, as well [4, 5] . Treating every patient is impractical because of the cost, the need for hospitalization and negative-pressure rooms, the discomfort of a continuous dosing schedule of aerosolized ribavirin (CSR), the potential although minimal threat for teratogenicity among healthcare workers, and the lack of randomized clinical trials in which the efficacy of ribavirin has been proven.
CSR has been commonly used, but it can be inconvenient for patients because it increases the difficulty of routine care, as patients must stay in scavenger tents for the duration of therapy, which is usually around 18 hours/day for 5-10 days. However, some patients have been treated effectively with an intermittent dosing schedule of aerosolized ribavirin (ISR) at 2 g administered for 2-3 hours every 8 hours [1] .
In the present clinical trial, we used an adaptive randomization study design to compare the safety and efficacy of an ISR and CSR in preventing progression of RSV URTI to LRTI in patients with hematologic malignancies and recipients of HSCT. A secondary aim was to determine the effectiveness of these schedules in decreasing the duration of viral shedding.
MATERIALS AND METHODS

Study Design and Population
This was a prospective, adaptive-randomized, open-label clinical trial involving RSV-infected patients with hematologic malignancy or recipients of HSCT at our institution. The study was approved by The University of Texas MD Anderson Cancer Center Institutional Review Board (ClinicalTrials.gov identifier: NCT00500578).
RSV-infected patients were identified from microbiology laboratory reports from October 2003 through March 2008 and evaluated for study inclusion. Patients were eligible if they had RSV URTI, were >5 years old, and had a hematologic malignancy or underwent HSCT. Patients who were pregnant, were hypersensitive to ribavirin or its components, or had evidence of an RSV LRTI at study entry were excluded. All eligible patients provided written informed consent to participate in the study and were enrolled.
Enrollment and Follow-up
Patients were randomly assigned to receive CSR (6 g over 18 hours daily) or ISR (2 g over 3 hours every 8 hours daily), administered by a small-particle aerosol generator model 2 with a face mask, for 5-10 days. Follow-up was scheduled for 7-14 days after ribavirin therapy. Patients were evaluated at screening, on day 1 of the study (baseline), on weeks 1 and 2 of the study, at the end of therapy, 7-14 days after completion of therapy, or at study withdrawal. A baseline medical history was obtained, and physical examination along with the following tests were performed within 48 hours after enrollment: complete blood count, beta human chorionic gonadotropin analysis in blood and/or urine specimens (for women of childbearing potential), serum chemistry analysis (to determine blood urea nitrogen, creatinine, bilirubin, aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase levels), and chest radiography. Nasal wash samples were obtained for RSV culture and antigen detection on days 3, 7, and 14 (±2 days) and then once weekly for 2 weeks or until 2 consecutive cultures were negative for RSV, whichever occurred first.
End Point Evaluation
The primary end point was progression from RSV URTI to RSV LRTI, with the latter defined as a clinical and radiographic presentation compatible with viral LRTI (ie, onset of respiratory symptoms with new or changing pulmonary infiltrates on chest imaging), with or without abnormal oxygen saturation, in a patient with RSV recovered from bronchoalveolar lavage fluid, sputum, tracheal aspirate, and/or nasal wash samples. The secondary end point was the duration of viral shedding. RSV URTI, neutropenia, and lymphocytopenia were defined according to criteria from a previous study [2] . All patients in this trial received antibacterial therapy, and some received antifungal therapy as part of our standard of care for patients with hematologic malignancy or a history of HSCT who have a respiratory viral infection.
Statistical Analysis
In this schedule selection trial, CSR and ISR arms were compared in terms of treatment failure (ie, progression to LRTI). Initially, patients were randomly assigned equally until 10 patients were assigned to each arm. Then, adaptive randomization was used to unbalance the randomization in favor of the treatment arm having the lower observed failure rate (the operating characteristics of the adaptive-randomization design are shown in Supplementary Table 1) [6] . The prior distribution of the failure rate for each treatment arm was beta (0.45, 1.05), which had a mean value (±SD) of 30% ± 29%. On the basis of these assumptions and prior clinical experience about the practicality of enrolling such patients in a clinical trial, a sample size of 50 was determined. The Fisher exact test and Wilcoxon rank-sum test were used to assess differences between the treatment groups with respect to demographic and clinical characteristics. The Kaplan-Meier product-limit estimator was used to estimate the time to clinical response to treatment and duration of viral shedding for both treatment arms at a significance level of 0.05 [7] . The intent-to-treat population included all patients randomized and given at least 1 dose of ribavirin. If the posterior probability for ISR or CSR was >0.95 or if a maximum of 50 patients had received treatment, then the trial would have been terminated, and the superior treatment arm would have been selected.
RESULTS
Study Population, Enrollment, and Adherence
Of the 51 eligible patients, 1 patient was excluded because LRTI was detected prior to therapy. A total of 32 patients were randomly assigned to the ISR arm, and 18 were randomly assigned to the CSR arm ( Figure 1 ).
Both arms had 1 premature discontinuation of ribavirin because of toxicity (ie, chest pain or hepatotoxic effects), with each episode occurring <5 days after therapy initiation. Although neither patient experienced progression to LRTI, for the purpose of our intent-to-treat analysis both were considered to have not responded to treatment. Median durations of ribavirin administration for patients in the ISR and CSR arms were identical (5 days [range, 2-10 days] and 5 days [range, 3-10 days], respectively; P = .87).
Patient Characteristics
Most baseline characteristics in the 2 treatment groups were similar (Table 1) . Within a month prior to and following the onset of RSV URTI, a significantly higher number of patients in the CSR arm had coinfections (44% vs 16%; P = .03). Of the 7 patients who had RSV LRTI, only 2 had coinfections (none had respiratory tract coinfection).
Progression to LRTI
LRTI developed in 3 patients (9%; 90% credible interval, 3.3%-20.0%) in the ISR arm and 4 patients (22%; 90% credible interval, 9%-40%) in the CSR arm. The time to treatment failure, stratified according to the 2 treatment arms, is shown in Supplementary Figure 1 . The posterior probability that the rate of progression to LRTI in patients receiving the ISR will be less than that in patients receiving the CSR is 0.889.
Duration of Viral Shedding
The difference in persistence of viral shedding between the 2 treatment groups was not statistically significant (4 days in the ISR arm vs 6 days in the CSR arm [range, 2-28 days for both arms]).
Toxicity and Adverse Events
We observed no significant differences between the treatment arms with respect to the number of patients with adverse events by maximum grade (grade 4 for the ISR arm and grade 2 for the CSR arm; P = .99). Severe adverse events (grades 3-4) are listed in Supplementary Table 2 .
Two deaths occurred during the study period (1 per treatment arm), one of which (in the ISR arm) was considered to be RSV related. Bilateral pulmonary infiltrates developed in one of these patients despite use of ISR for 21 days. The patient later had diffuse alveolar hemorrhage that was diagnosed bronchoscopically and deemed to be secondary to RSV LRTI, although bronchoalveolar lavage cultures were negative for RSV. The other patient received CSR. He died of skin, gastrointestinal, and liver graft-versus-host disease 28 days after the end of treatment.
DISCUSSION
To our knowledge, this is the first completed randomized clinical trial of aerosolized ribavirin involving RSV-infected patients with hematologic malignancy and recipients of HSCT. We found that ISR was superior to CSR in preventing progression from URTI to LRTI. In addition, the resolution of viral shedding, ribavirin tolerability, and safety were similar for the 2 schedules.
Despite a lack of randomized, placebo-controlled trials determining the efficacy of ribavirin for RSV infections in immunocompromised patients, physicians have administered this drug to patients at high risk for these infections in many centers in Europe and the United States over the past 2 decades [3] .
Although CSR is the only therapy approved by the US Food and Drug Administration for use in children with RSV infection, ISRs are used in many cancer centers because of their ease of administration. In a randomized pediatric clinical trial, short-term intermittent ribavirin therapy had clinical outcomes similar to those of the standard dosing schedule but better patient access and less environmental release [8] . More recently, in a randomized, controlled, multicenter trial involving RSV-infected HSCT recipients that was prematurely terminated because of slow accrual, use of intermittent ribavirin appeared to be safe. It was also more effective than supportive care at reducing progression to LRTI (11% vs 40%; P = .51) and RSV loads [1] .
Effective patient recruitment is a common problem in clinical trials studying seasonal respiratory viruses, leading to small sample sizes with inadequate power to detect meaningful differences between treatment arms. With this in mind, we used adaptive randomization for the present trial. By use of Bayesian statistics, we assigned progressively more patients to the treatment arm with the higher success rate (ie, the ISR arm), thus preventing unnecessary recruitment of patients to the less beneficial treatment arm [9] . The ISR was more effective than the CSR at preventing LRTIs, although their tolerability and safety were similar. Additionally, the ISR was easier to administer than the CSR and more convenient for the patients, as they spent less time in scavenger tents (9 vs 18 hours/day), and for the healthcare workers, thus potentially improving compliance with this regimen, which may explain its high success rate. e Coinfections (few patients had >1) consisted of 2 bloodstream infections (due to Staphylococcus aureus and Acinetobacter lwoffii/junii), 3 urinary tract infections (due to Escherichia coli and Pseudomonas aeruginosa), 6 cytomegalovirus infection reactivations, 2 cases of BK virus viruria, 1 case of Clostridium difficile-associated diarrhea, 1 case of pulmonary aspergillosis (which occurred 25 days before the occurrence of RSV URTI and had no evidence of new pulmonary infection at enrollment until the end of the study), and 1 case of Stenotrophomonas (Xanthomonas) maltophiliaassociated pneumonia. The latter patient, a male, received a diagnosis of RSV URTI and initiated ISR after LRTI was ruled out as part of the screening for this trial. Eight days later, he developed a cough and a fever (temperature, 39.1°C), with computed tomography of the chest showing right apical focal ground-glass opacity with bilateral pleural effusions. He underwent testing of multiple nasal wash and bronchoalveolar lavage (BAL) specimens, which were all negative for RSV. His BAL culture was only positive for few S. maltophilia and Candida glabrata organisms. Therefore, he received a diagnosis of S. maltophilia-associated pneumonia and was not considered to have RSV LRTI.
The persistence of viral shedding did not differ in the 2 treatment arms. Specifically, the average durations of viral shedding in the ISR and CSR arms were 4 and 6 days, respectively (overall range, 2-28 days). However, the durations were much lower than the average duration of 20 days (range, 7-84 days) among allogeneic HSCT recipients in the study by Avetisyan et al, in which only 10% of patients received ribavirin therapy [10] . We hypothesize that use of aerosolized ribavirin may have greater and more direct impact on viral shedding with important epidemiologic and infection control implications. Apart from the chest pain and hepatotoxic effects we observed in 2 patients, we observed very few moderate-tosevere adverse events in either treatment arm, and those that did occur were not treatment related.
Caution is recommended when interpreting our present data, given the study's open-label design, which may bias assessment of the tolerability and/or toxicity of ribavirin. However, this design is less likely to bias assessment of therapeutic end points. Assessment of radiologic findings along with clinical and microbiologic data on the upper or lower respiratory tract is the standard method of diagnosing LRTIs in patients with RSV infections. Because most of our enrolled patients had RSV URTI after engraftment, our findings may not be applicable to patients with RSV infection occurring in the pre-engraftment period. Another limitation of this trial was the quasi-long period of enrollment of all 50 patients; however, no significant changes occurred in the diagnosis, management, or awareness of RSV infections across the 5 seasons during this study.
In summary, in this first reported randomized trial of treatment of RSV infections with aerosolized ribavirin in patients with hematologic malignancy and recipients of HSCT, we demonstrated that the ISR was more effective than the CSR at preventing progression to LRTI and that the schedules had similar safety profiles and tolerability. Because of the ISR's ease of administration, potentially better compliance than that for the CSR, and acceptance by patients as well as healthcare personnel, physicians should consider using an ISR when administering aerosolized ribavirin for RSV URTIs in patients with cancer who are at risk for progression to LRTIs.
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